We investigated the possible sources of intracellular ATP which was previously shown essential for maintaining the muscarinic cationic channel activities (or currents; Icat) in guinea-pig ileal myocytes, using two variants of patch clamp techniques. Deprivation of external glucose or its replacement with 2-deoxyglucose significantly reduced the magnitude of Icat recorded with nystatin-perforated method, with greater efficacy than for voltage-dependent Ca 2+ current. Intracellular dialysis of ileal myocytes with key substrates for glycolysis, oxidative metabolism and creatine-phosphocreatine system all resulted in a comparably effective maintenance of Icat, which was abolished by inhibitors for these ATP-producing systems, 3-bromopyruvate, cyanide and 2,4-dinitrofluorobenzene (DNFB), respectively. However, amongst these inhibitors, only 3-bromopyruvate effectively reduced Icat recorded with the nystatin-perforated method. These results strongly suggest the exclusive physiological importance of glycolytic ATP production in maintaining Icat activity, and thus this mechanism may play a role in the regulation of gut motility.
Introduction
Recent investigations on cellular energy metabolism have suggested that in various types of tissues including smooth muscle, intracellular synthesis, transport and utilization of ATP may be largely compartmentalized and specified (Paul, 1989; Hellstrand, 1996) . It has been proposed that the energy required for contractile responses derives mainly from oxidative phosphorylation-dependent ATP production, whereas membrane functions such as ionic channels and pumps show preferential dependence on the glycolytic ATP production. For instance, the activities of plasmalemmal Na + , K + ATPase, sarcoplasmic Ca 2+ ATPase in vascular smooth muscle, and ATP-sensitive K + and L-type-Ca 2+ channels in cardiac muscle have been
Correspondence to: R. Inoue, Department of Pharmacology, Graduate School of Medical Sciences, Kyushu University, Fukuoka 812-8582, Japan Phone: shown to depend on the energetic state linked to glycolysis rather than oxidative phosphorylation (Weiss et al., 1987; Paul, 1989; Ishida et al., 1994; Hellstrand, 1996; Losito et al., 1998) . Consistent with this is the biochemical evidence showing that glycolytic key enzymes such as glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and aldolase are enriched in the plasma membrane fraction (Hardin and Paul, 1992) . The muscarinic receptor-activated nonselective cation channels (mNSCCs) are ubiquitous in the whole gastrointestinal tract, and contribute to the cholinergic control of gut motility. Activation of mNSCCs results in sustained influx of Na + (as well presumably as Ca
2+
) leading to membrane depolarization, by the degree of which Ca 2+ spike activities are elaborately controlled (Bolton et al., 1999) . mNSCCs undergo a dynamic regulation by membrane potential, intracellular Ca 2+ concentration and mechanical state (Kuriyama et al., 1998; Sanders, 2001 ). They are also subject to phosphorylation-mediated regulation by protein kinase C and tyrosine kinase (Inoue et al., 1994; Kim et al., 1998) . Consistent with these, it has been found that under cell-dialyzing conditions, the mNSCC activity shows a critical dependence on the hydrolytic energy of ATP (Inoue et al., 2000) . However, it remains still unclear what intracellular source of ATP is physiologically important for these effects.
In this study, we investigated the effects of key substrates and relatively specific blockers for three representative ATP generating systems in the cell, i.e., glycolysis, oxidative phosphorylation and creatine-phosphocreatine system. We further tested which of these three systems is most significant under physiological conditions, in light of the blockers on Icat activity recorded with the nystatin-perforated recording. Part of this work has been communicated in the abstract form, to the 70th annual meeting of the Japanese Pharmacological Society (Yanagida et al., 1997) .
Materials and Methods

Cell preparation
Guinea-pigs of either sex (500-1000 g) were killed by exsanguination after stunning. About a 5 cm long intestinal segment (5-10 cm oral to the ileocecal valve) was put through with a glass capillary measuring ca. 2 mm in diameter. This was then incubated in nominally Ca 2+ -free physiological saline (PSS; see below) and the one containing 1.5 mg/ml collagenase (Sigma type I) at 35°C for 5 and 20 min, successively. The digested segment was cut open and rinsed with Krebs solution (1 mM Ca 2+ added) and stored in a refrigerator. For dispersing single myocytes, the segment was minced into pieces and subjected to mechanical agitation with a large-bored Pasteur pipette.
Electrophysiology
A commercial high input impedance, low noise patch clamp amplifier (EPC-9, List Electronics, Germany) was used to apply voltages to and sample current signals from the cell. In conjunction with an A/D, D/A converter (TL-1) which was controlled by the software pClamp v.6.03 (Axon Instruments, Union City, CA, USA), sampled signals were digitized at 2 kHz after low pass filtering at 1 kHz and then stored on a hard disc of computer or written by a thermo-pen recorder. Obtained data were analyzed off-line using the software Clampfit v.6.03 (Axon Instruments) and data illustration was made with KaleidaGraph v.3.08 (Synergy Software, Reading, PA, USA). Cell capacitance of ~ 60pF and 50-80% of series resistance of ~11 MΩ (Inoue et al., 2000) were electronically compensated.
For nystatin-perforated recording, nystatin (Sigma) dissolved in dimethyl sulfoxide (100 mg/ml in stock) was diluted 100-200 times in Cs + -internal solution and ultrasonicated for 5-10 min. A patch pipette, which had been shortly dipped in a nystatin-free internal solution, was back-filled with this solution and the 'giga' seal was formed on cell membrane as quickly as possible. In typical experiments, sufficient cell membrane perforation by nystatin occurred within 10min, where the access resistance dropped to less than 20 MΩ.
Because the activity of Icat is temperature-sensitive (Inoue et al., 2000) , the temperature of superfusing solution was kept constant (25°C) using a commercial warmer unit (TC-344B, Warner Instrument, USA; accuracy: ± 0.5°C).
Solution
Bath solution (PSS) contained (mM); 140 Na GS mixture (mM); 2 fructose-1,6-diphosphate, 1 NAD + , 1 K2HPO4, 0.5 ADP. MS mixture (mM): 2 pyruvate, 2 glutamate, 2 creatine, 1 K2HPO4, 0.5ADP. PCr (mM): 5 phosphocreatine, 0.5ADP (Weiss et al., 1987) .
Chemicals
ADP (tris salt), phosphocreatine (tris salt), fructose 1,6-diphosphate (trisodium salt), glutamate, pyruvate, creatine, 2,4-dinitrofluorobenzene (DNFB), 3-bromopyruvate (Br-Pyr), cyanide (sodium salt) are purchased from Sigma (St. Louis, USA), and ATP, GTP, β-NAD from Dojindo (Kumamoto, Japan).
Statistics
All results are expressed as mean ± s.e.m. Statistical significance of differences between given sets of data were evaluated by Student's t-test for single comparison and one way ANOVA with pooled variance t-test for multiple comparison.
Results
When guinea-pig ileal mycocytes were repetitively stimulated by carbachol (CCh; 100 µM) under the nystatin-perforated voltage clamp, the magnitude of resultant inward cation currents (Icat) stayed constant over a period of about an hour. As summarized in Fig. 1A , the amplitude of Icat normarized to their first response is not significantly changed up to 60 min after 100 µM) was repetitively applied at short bars. Voltage-dependent Ca 2+ currents (ICa) were activated by depolarizing pulses to 0 mV from a holding potential of -70 mV every 2 min. Their peak amplitudes are indicated by open circles. Transient decreases in ICa amplitude observed just after application of CCh are due to Ca 2+ -dependent and -independent inhibition by muscarinic receptor activation (Unno et al., 1995) . At a long bar, external glucose (10 mM) was equimolarly replaced by 2-deoxyglucose.
establishment of whole-cell conditions (2nd and 3rd responses; open columns). However, when the myocytes were deprived of glucose for 15-30 min by substitution with sucrose, Icat showed a time-dependent decline (rightmost columns in Fig. 1A ). This decline became much more pronounced when the glycolytic metabolism in the cell was more rigorously compromised by addition of 2-deoxyglucose than simple glucose deprivation (middle columns in Fig. 1A and Fig.  1B) . The effects of 2-deoxyglucose were much greater in Icat than L-type Ca 2+ current recorded simultaneously (Fig. 1B) , the activity of which was previously shown dependent on the glycolytic production of ATP in both cardiac and vascular smooth muscles (Lorenz et al., 1997; Losito et al., 1998) . In addition, the recovery from the decline appears more prolonged in Icat than L-type Ca 2+ current. These results suggest the importance of glycolytic metabolism in the maintenance of Icat.
We next compared the efficacy of three main sources of intracellular ATP production pathways, i.e., glycolysis, oxidative phosphorylation in mitochondria, and creatinephosphocreatine system, by using the conventional whole-cell recording. Unexpectedly, all of substrate mixtures supporting the three ATP-producing pathways [GS (glycolytic substrates), MS (mitochondrial substrates) and PCr (phosphocreatine); see the Methods] prevented the time-dependent Icat decline that appeared after the start of intracelluar dialysis with no inclusion of ATP in the pipette solution ( Fig. 2A, B and D) (Inoue et al., 2000) . The effects of the substrate mixtures appear specific for each ATP-producing system, since the relative selective inhibitors for key enzymes/proteins in glycolysis (3-bromopyruvate; 0.5 mM; GAPDH inhibitor; Barnard et al., 1993) , oxidative phosphorylation (cyanide; CN-), creatine-phosphocreatine system (2,4-dinitrofluorobenzene: DNFB; 10 µM; creatine kinase inhibitor; Takeuchi et al., 1995) almost completely abolished the prevention of Icat decline by the respective substrate mixtures (Fig. 2C and D) . The preventive effects of glycolytic substrates (GS) on Icat decline required the presence of ADP, but were not affected by cyanide (Fig. 2B) or DNFB (data not shown), suggesting the effects being specific for the glycolytic pathway. Furthermore, as in the case of ATP (2 mM) (Inoue et al., 2000) , the effects of GS, MS and PCr were all dependent on the presence of Mg 2+ (2 mM) in the pipette (Fig. 2D) , thus likely involving the hydrolysis of resultant ATP.
Finally, we assessed which pathways for intracellular ATP production is most physiologically important, by using their respective inhibitors tested in the preceding sections. To this end, we adopted the nystatin-perforated method, since it is able to keep the intracellular milieu minimally disturbed (Horn et al., 1988) . Interestingly, as demonstrated and summarized in Fig. 3 , while the glycolysis inhibitor 3-bromopyruvate caused almost complete inhibition of Icat ( Fig. 3Aa and middle column in Fig. 3B) , cyanide exerted only a modest inhibition on Icat and DNFB caused even an enhancement of Icat, both of which however turned to almost complete inhibition by further addition of 2-deoxyglucose (Fig. 3Ab, c and Fig. 3B ).
Discussion
Despite the ability of all three intracellular ATP producing pathways to support the mNSCC activity, the results of the present study have clearly shown the exclusive importance of glycolytic pathway in maintaining Icat under the conditions in which intracellular metabolism is minimally disturbed. This is likely mediated by the production of ATP and its subsequent hydrolysis, since the mixture of key glycolytic substrates alone did not suffice and required the presence of ADP and Mg 2+ for their effects on Icat. Somewhat surprisingly, the substrates reinforcing the creatine-phosphocreatine system, which enhanced Icat most effectively (Fig. 2D ) (Bakhramov, 1995) , or those for the oxidative metabolism, the most powerful aerobic ATP producing system, do not appear to directly support the mNSCC activity under quasiphysiological conditions attained by the nystatin-perforated method.
It has been shown that in many types of smooth muscles, a substantial production of lactate, which reflects mostly the glycolytic activities, occurs even under fully aerobic conditions. The estimated rate of ATP production from this pathway is comparable to that due to the oxidative mechanism, and correspondingly, many membrane functions including plasmalemmal ionic channels are susceptible to this source of ATP (Ishida et al., 1994; Hellstrand, 1996) . On the other hand, the creatine-phosphocreatine system is thought to serve as an energy buffer in smooth muscle, which is utilized to store and transport the energy produced via the oxidative mechanism in mitochondria to the subsarcolemmal region by means of two creatine kinase systems localized therein (Ishida et al., 1991) . Thus, this system may also be able to support membrane functions. However, our data are not compatible with this picture. Failure to cause Icat decline by the inhibitors of the creatine-phosphocreatine system and oxidative metabolism with intact glycolysis (Fig. 3B ) strongly suggests that neither of the former two would themselves have an immediate physiological impact on the mNSCC activity. Although similar glycolysis-dependence has been observed for L-type Ca 2+ channels in portal vein smooth muscle (Lorenz et al., 1997) , our study has shown that the consequences of compromised glycolysis is far more pronounced in Icat than in L-type Ca 2+ current (Fig. 1B) . This might reflect their differential distribution in the subsarcolemmal region, particularly in spatial relationship with glycolytic enzymes and the creatine kinase system. In this regard, it is interesting to note that, some members of TRP (transient receptor potential) proteins, plausible molecular candidates for Icat (e.g. Lee et al., 2003) , have been shown to exist in macromolecular assemblies consisting of multiple signaling components (Montell, 2001) .
Physiological significance of the observed glycolysis dependence of Icat remains to be clarified. It is however possible to speculate that in some acute hypoglycemic conditions, the present mechanism may play a role in altering the gut motility via modification of mNSCC activity. Interestingly, it has been reported that, in urinary bladder smooth muscle, which, like gut muscle, exhibits spontaneous electrical and contractile activities and receives an excitatory cholinergic input, the enhancing effects on contractile activities of muscarinic receptor stimulation are time-dependently attenuated by removal of glucose (Pessina et al., 1997) . Further studies will be required to assess whether a similar mechanism operates in the cholinergic control of gut motility.
